A cDNA clone for isocitrate lyase (ICL) was isolated from a cDNA library prepared from the poly(A) + RNA of etiolated pumpkin cotyledons. The cDNA encoded a polypeptide with 576 amino acids, whose sequence is more than 79% identical to those of ICL from other higher plants and contains the C-terminal tripeptide, Ser-Arg-Met, which is a putative targeting signal to microbodies. Immunogold analysis revealed that ICL protein is exclusively localized in microbodies in etiolated pumpkin cotyledons. Double labeling experiments with protein A-gold particles of different sizes showed that ICL protein coexists with a leaf-peroxisomal enzyme, glycolate oxidase, in the microbodies of greening and senescing pumpkin cotyledons, indicating that transformation between glyoxysomes and leaf peroxisomes occurs directly during greening and senescence of the cotyledons. Immunoblot analysis showed that the amount of ICL protein increased markedly during germination and decreased rapidly when seedlings were exposed to illumination, which induced the microbody transition from glyoxysomes to leaf peroxisomes. In senescing cotyledons, the level of the ICL protein and ICL mRNA increased again with the reverse transition of microbodies from leaf peroxisomes to glyoxysomes. Changes in the amount of ICL protein did not correspond to the changes in the level of ICL mRNA during greening and senescence of the cotyledons, an indication that post-transcriptional regulation plays an important role in the microbody transition.
such as pumpkin and watermelon, glyoxysomes are transformed to another type of specialized microbody, namely, leaf peroxisomes, which function together with chloroplasts and mitochondria in photorespiration (Beevers 1979) . In the microbody transition, activities of glyoxysomal enzymes such as malate synthase (MS; EC 4.1.3.2) and isocitrate lyase (ICL; EC 4.1.3.1) decreased, whereas activities of leaf-peroxisomal enzymes, such as glycolate oxidase (GO; EC 1.1.3.1) and hydroxypyruvate reductase (HPR; EC 1.1.1.29), increased. Our previous studies showed that during the microbody transition, the degradation of glyoxysomal enzymes was induced (Kato et al. 1995 , Mori et al. 1991 ) and the amounts of mRNAs for leaf-peroxisomal enzymes markedly increased (Tsugeki et al. 1993) . The reverse transition of leaf peroxisomes to glyoxysomes occurs during senescence . In this case, glyoxysomal enzymes are induced and leaf-peroxisomal enzymes are degraded. We have demonstrated immunocytochemically that this replacement of leaf-peroxisomal enzymes with glyoxysomal enzymes occurs in the same microbodies .
ICL is an enzyme unique to the glyoxylate cycle and catalyzes the cleavage of isocitrate into succinate and glyoxylate. cDNA for this enzyme has been characterized from cucumber (Reynolds and Smith 1995) , rape (Comai et al. 1989) , castor bean (Beeching and Northcote 1987) , tomato (unpublished; accession U18678), cotton (Turley et al. 1990) , glycine max (unpublished; accession LO2329), fungi (Barth and Scheuber 1993) , yeast (Fernandez et al. 1992) and E. coli (Matsuoka and McFadden 1988) . The synthesis and activity of this enzyme have been demonstrated in embryogenesis and in germinating seeds of higher plants (Allen et al. 1988 , Comai et al. 1989 , Turley et al. 1990 , Weir et al. 1980 , Zhang et al. 1993 . A recent analysis showed that this enzyme was expressed in pollen from Brassica napus L. (Zhang et al. 1994 ) and was induced in detached or attached organs during senescence , Graham et al. 1992 , Gut and Matile 1988 .
To obtain clues on the structural characteristics and the expression of pumpkin ICL during the reversible microbody transition, we cloned the cDNA for pumpkin ICL. We report here that the deduced amino acid sequence of pumpkin ICL contains Ser-Arg-Met at the C-terminal end and that it exclusively localizes in glyoxysomes. We also report the developmental changes in the levels of ICL pro-941 tein and ICL mRNA during the reversible microbody transition in pumpkin cotyledons.
Materials and Methods
Plant material-Pumpkin (Cucurbita sp. cv. Kurokawa Amakuri Nankin) seeds were soaked overnight and germinated in moist rock fiber (66R; Nitto Bouseki, Chiba, Japan) at 25°C in darkness. Some of these seedlings were transferred to continuous illumination at the 4-5 day stage. Senescing cotyledons were prepared as described previously .
Isolation and sequencing of a cDNA clone for pumpkin isocitrate lyase-Poly(A) + RNA was prepared from 4-day-old etiolated pumpkin cotyledons by SDS-phenol extraction with subsequent column chromatography on oligo (dT)-cellulose (Mori et al. 1991 ). An oligo (dT)-primed Agtll cDNA library was constructed from the poly(A) + RNA using a cDNA synthesis system and a Agtll cloning system (Amersham, Buckinghamshire, U.K.) according to the manufacturer's instructions. The recornbinant phages were immunoscreened with an ICL-specific antibody, which had been kindly provided by Dr. M. Maeshima (Nagoya University, Nagoya, Japan). The cDNA insert from an immunopositive clone was subcloned into the plasmid vector pBluescript KS(+) (Stratagene, La Jolla, CA, U.S.A.) and used as a hybridization probe to identify longer cDNA clones from the same library by plaque hybridization. The longest cDNA insert obtained by plaque hybridization (1,983 bp), was subcloned into pBluescript KS(+). This plasmid was designated pICLl 1. Deletion mutants of the cDNA insert of pICLl 1 in both the sense and antisense strands were constructed using a deletion kit (Takara Shuzo, Kyoto, Japan). Nucleotide sequences of these deletion mutants were determined with an automatic DNA sequencer (model 373; Perkin Elmer/Applied Biosystems) according to the manufacturer's instructions. The nucleotide and the deduced amino acid sequences were analyzed with DNA analytical software (GeneWorks; IntelliGenetics, Mountain View, CA, U.S.A).
Northern blot analysis-Ten fig of total RNA extracted from pumpkin cotyledons grown under various conditions was fractionated on a 1% gel that contained 0.66 M formaldehyde and 10 mM MOPS (pH 7.0). RNA was transferred to a Hybond N + membrane (Amersham Japan) in 50 mM NaOH and fixed by exposure to UV-light (Funa-UV-Linker, model FS-800; Funakoshi, Tokyo, Japan). The insert corresponding to the isocitrate lyase cDNA was labeled with [ 32 P]dCTP (Amersham Japan). Ten fig of total RNA extracted from pumpkin cotyledons grown under various conditions was fractionated on a 1% agarose gel using a BcaBest labeling kit (Takara Shuzo, Kyoto, Japan). The membrane was hybridized in 0.5 M sodium phosphate (pH 7.2), 1 mM EDTA (pH 8.0), 7% SDS and 1% bovine serum albumin with l.Ox lO'cpmrnl" 1 of radiolabeled DNA probe for 18 h at 42°C. The membrane was washed at 42°C in 2xSSC plus 0.1% SDS for 15 min, in 0.2x SSC plus 0.1% SDS for 15 min, in 0.1 x SSC plus 0.1% SDS for 15 min and at 60°C twice for 15 min each. The membrane was exposed to X-ray film and radioactivity was measured on the imaging plate of a Bio-Imaging analyzer (FUJIX BAS2000; FUJI Photo Film, Tokyo) with an exposure time of 18 h.
Slot blot analysis-Changes in the level of ICL mRNA during senescence in vitro was examined by slot blot hybridization using DIG labeling and detection kits (Boehringer Mannheim, Tokyo, Japan). Total RNA was extracted from ten cotyledon halves at various stages. An aliquot of 0.33% of the total RNA was blotted onto a charged nylon membrane (Boehringer Mannheim, Tokyo, Japan). Antisense RNA was synthesized from pICLl 1 by T7 RNA polymerase. The antisense RNA, labeled with digoxygenin-conjugated UTP, was used as a probe for hybridization. Hybridization and washing conditions were those prescribed by the manufacturer and mRNA-probe hybrids were detected by monitoring the activity of alkaline phosphatase that had been conjugated to digoxygenin-specific antibodies. The intensity of each signal was quantitated with a densitometer (Densitograph, ver 2.0; ATTO).
Immunoblot analysis-Pumpkin cotyledons grown under various conditions were homogenized with SDS-loading buffer (100 mM Tris-HCl, pH 6.8, 1 mM EDTA, pH 8.0, 0.1% Triton X-100 and 1 mM PMSF) and then the homogenates were centrifuged at 15,000 x g for 25 min. The protein content of each extract was estimated using a protein assay kit (Nippon Bio-Rad Laboratories, Tokyo, Japan) with bovine gamma albumin as a standard. Ten fig of total protein was separated by SDS-PAGE on a 12.5% polyacrylamide gel as described by Laemmli (1970) and transferred to a nylon membrane (Schleicher & Schuell, Dassel, Germany) in a semidry electroblotting system. The polypeptides on the membrane were visualized with 1 : 5,000 dilution of horseradish peroxidase antibodies against rabbit IgG (ECL system; Amersham, Japan).
Immunoelectron microscopy-Germinating pumpkin cotyledons were harvested at various stages and senescing cotyledons were harvested at 9 days after treatment. The samples were fixed, dehydrated and embedded in LR white resin (London Resin, U.K.) as described previously . Ultrathin sections were cut on a Reichert ultramicrotome (Leica, Heidelberg, Germany) with a diamond knife and mounted on uncoated nickel grids. The protein A-gold labeling procedure was essentially the same as that described by Nishimura et al. (1993) . Ultra-thin sections were incubated at room temperature for 1 h with a solution of antiserum against ICL or glycolate oxidase (GO) diluted 1 : 100 and then with a 50-fold diluted suspension of protein A-gold (15 nm for GO, 10 nm for ICL; Amersham Japan) at room temperature for 30 min. The sections were examined with a transmission electron microscope (1200EX; JOEL, Tokyo, Japan) at 80 kV.
Results and Discussion
Cloning of a cDNA for isocitrate lyase-A Agtll cDNA library from the poly(A) + RNA of 4-day-old etiolated pumpkin cotyledons was constructed. We screened this cDNA library immunologically using an antibody against castor bean ICL. Ten immunopositive clones were isolated from 1.5 x 10 6 independent recombinants. The same cDNA library was screened by plaque hybridization using the 1.4 kb insert of one of the immunopositive clones as a probe. We obtained eleven positive clones, including one that contained the longest insert of 1.9 kb. The complete nucleotide sequence and the deduced amino acid sequence are shown in Fig. 1 . This cDNA consists of 1,983 bp and contains a 1,728-bp open reading frame that encodes a polypeptide of 576 amino acids with a total molecular mass of 64,286 Da. The nucleotide and deduced amino acid sequences of ICL have been reported for cucumber (Reynolds and Smith 1995) , rape (Comai et al. 1989) , castor bean (Beeching and Northcote 1987) , tomato (unpublished; accession U18678), cotton (Turley et al. 1990 ), glycine max (unpublished; accession LO2329), fungi (Barth and Scheuber 1993) , yeast (Fernandez et al. 1992 ) and E.coli (Matsuoka and McFadden 1988 Fig. 1 Nucleotide and deduced amino acid sequences of pumpkin ICL cDNA. The nucleotide sequence of the putative coding region is shown in uppercase letters and the 5' and 3'-noncoding regions are shown in lowercase letters. The deduced amino acid sequence is presented in the single-letter code beneath the nucleotide sequence, starting at the first in-frame methionine residue and ending at the first stop codon, indicated by an asterisk. The amino acid sequences tentatively involved in substrate-binding are boxed and the three carboxyl-terminal amino acids that are known as a microbody-targeting signal are underlined.
for cotton and 79% for glycine max. It has been proposed that Leu-169, Lys-170, Pro-171, Thr-210, Lys-211 and Lys-212 in ICL from castor bean might be involved in substrate binding (Beeching and Northcote 1987) . These amino acid residues are conserved in the corresponding positions of the pumpkin enzyme.
A putative signal for targeting of isocitrate lyase to microbodies-It has been proposed that a targeting signal, Ser-Lys-Leu or similar variants, is located at the C-terminal ends of various microbody proteins (Gould et al. 1988 , Miyazawa et al. 1989 ). In fact, several kinds of specific C-terminal tripeptides have been found in glyoxysomal enzymes such as malate synthase (Graham et al. 1989, Mori and Nishimura 1989) as well as in leaf-peroxisomal enzymes such as glycolate oxidase (Tsugeki et al. 1993, Volokita and Somerville 1987) and hydroxypyruvate reductase (Hayashi et al. 1996b ). Moreover, it has been demonstrated that the same protein targeting system is also functional in three different microbodies of higher plants, namely, glyoxysomes, leaf peroxisomes and non-specialized microbodies (Hayashi et al. 1996a ). The C-terminal sequence of pumpkin ICL, like those of cucumber and rape, was Ser-Arg-Met while those of castor bean, tomato, cotton and glycine max were Ala-Arg-Met (Fig. 2) . The latter tripeptide was shown to function as a targeting signal to microbodies (Trelease et al. 1994 ). As to the former, SerArg-Met, Olsen et al. (1993) reported that this tripeptide was necessary for the transport of glyoxysomal proteins to microbodies in mammalian cells. Moreover, we recently obtained evidence using an in vivo targeting assay that employs transformants of the bacterial enzyme /?-glucuronidase in which the carboxyl terminus is modified to Ser-Arg-Met, that the fusion protein was imported into microbodies (Hayashi et al. 1996a) . It should be mentioned that the E. coli ICL lacks this C-terminal tripeptide (Fig. 2) , since isocitrate lyase does not need to be subcompartmentalized in E. coli.
Developmental changes in the levels of isocitrate lyase after germination-We investigated developmental changes in the levels of ICL protein in pumpkin cotyledons after germination. Fig. 3 shows the changes in the accumulation of ICL protein. The relative amounts of ICL protein were determined densitometrically after immunoblotting. When seedlings were grown in darkness, the levels of ICL protein reached a maximum after seven days and then gradually decreased (closed circles in Fig. 3) . However, the amount of ICL protein decreased rapidly (open circles in Fig. 3 ) when 5-day-old seedlings were transferred to illumination. In the case of other glyoxysomal enzymes, such as malate synthase and citrate synthase, similar developmental changes in their levels in pumpkin cotyledons have been observed during the transition of microbodies from glyoxysomes to leaf peroxisomes (Kato et al. 1995) . These results suggest that the amount of pumpkin ICL is develop- Days after germination to be high even in 1-day-old cotyledons, reached the maximum level for 3 days after germination and then declined to a low level. When cotyledons were exposed to continuous light, a slight decrease in the level of mRNA was observed (open circles in Fig. 4) . However, the difference in mRNA levels between cotyledons grown in darkness and those exposed to light at the 5-day-old stage was not as remarkable as the difference observed in protein levels (Fig. 3) . After 3 days, the amount of ICL mRNA dropped rapidly but the amount of ICL protein did not decrease. These results indicate that the amount of ICL protein in cotyledons of germinating pumpkin seeds does not correspond with the amount of transcript encoding this enzymes. In Southern blot analysis, the ICL probe hybridized to a single band of pumpkin genomic DNA that had been digested with Spel and Smal, which do not cut the ICL cDNA (data not shown). Since the copy number of the gene for ICL in pumpkin seems to be a single-copy per haploid genome, these results suggest that the amount of ICL protein is regulated post-transcriptionally. Similar results have been previously reported for malate synthase (Smith and Leaver 1986) and citrate synthase (Kato et al. 1995) . Expression of genes coding for these glyoxysomal enzymes may be regulated similarly during the microbody transition.
Immunoelectron-microscope analysis of the localization of isocitrate lyase after germination-Viz investigated the localization of ICL and the changes in the amount of ICL protein after germination using immunoelectron microscopy. Gold particles for ICL were detected exclusively in microbodies but not in other organelles such as mitochondria, etioplasts and lipid bodies. The number of particles in microbodies decreased rapidly when continuous light was applied to seedlings at the 4-day stage ( Fig. 5A ; a, b, c). The change in the labeling density reflects the change in the level of ICL proteins. By contrast, gold particles specific for a leaf-peroxisomal enzyme, glycolate oxidase (GO), appeared and increased dramatically as a result of illumination ( Fig. 5A; d, e, f) . Tsugeki et al. (1993) reported that the expression of the gene for GO was induced dramatically by illumination. These electron micrographs clearly show that the microbody transition from glyoxysomes to leaf peroxisomes occurred during the greening of pumpkin cotyledons as described by Nishimura et al. (1993) . If the microbody transition is caused by the replacement of glyoxysomal enzymes with leaf-peroxisomal enzymes, glyoxysomal and leaf-peroxisomal enzymes coexist within each microbody during the transition period. Fig. 5B-(a) shows the result of a double immunogold-labeling experiment in which cotyledons were grown in darkness for 4 days and exposed to light for 2 days and then sections were stained with protein A-gold particles of different sizes. It is clear that ICL (small particles) and GO (large particles) coexist in the same microbodies during the transition period, indicating that glyoxysomes are transformed directly to leaf peroxisomes during the microbody transition as reported by Nishimura et al. (1986) and Titus and Becker (1985) .
Changes in the levels of isocitrate lyase during senescence in vitro-After greening, cotyledons gradually undergo senescence. Gut and Matile (1988) have shown that the glyoxysomal enzymes are detectable in detached senescent leaves. The appearance of glyoxysomal enzymes during senescence has been shown to be a reverse transition of leaf peroxisomes to glyoxysomes . We investigated the changes in levels of ICL protein and ICL mRNA during senescence in vitro. Changes in levels of microbody-speciflc enzymes during senescence in vitro. Green cotyledons grown in a greenhouse for 20 days were placed in a plastic case in darkness. Total protein from cotyledons grown in darkness for 0, 4 and 8 days was subjected to SDS-PAGE (10 n% each), which was followed by immunodetection with an antibody against two glyoxysomal enzymes, ICL (panel a) and malate synthase (MS; panel b) and two leafperoxisomal enzymes, hydroxypyruvate reductase (HPR; panel c) and glycolate oxidase (GO; panel d). Molecular markers are indicated in kDa on the left.
After incubation of 20-day-old cotyledons in permanent darkness, the amount of ICL protein increased markedly (Fig. 6A) , as did another glyoxysomal enzyme, malate synthase (MS) (Fig. 6B) , whereas the leaf-peroxisomal enzymes, hydroxypyruvate reductase (HPR) and glycolate oxidase (GO), gradually decreased during senescence (Fig. 6C,  D) . We also detected the change at level of mRNA for ICL and MS (Fig. 7) . The amount of ICL mRNA as well as that of MS mRNA increased as parallel during senescence. However, the change in levels of ICL protein did not correspond to those of the mRNAs. The accumulation of mRNA for ICL preceded with that of the protein during senescence as same as during germination. This developmental analysis of ICL during senescence suggests that post-transcriptional regulation also plays a role in the reverse transition of microbody. Although the function of ICL during senescence is still obscure, it is supposed that ICL may participate in the degradation of membranous lipids in the cells during senescence as a member of glyoxylate cycle.
In order to clarify the manner of the reverse transition, we performed an immunogold analysis with antibodies against ICL and GO. Fig. 5B -(b) clearly shows that ICL (small particles) and glycolate oxidase (large particles) coexist on the same microbodies in senescing cotyledons, indicating that leaf peroxisomes are directly transformed to glyoxysomes in senescing cotyledons. The replacement of leaf-peroxisomal enzymes with glyoxysomal enzymes was also observed in other organs such as petals . Moreover, these phenomena have been observed in naturally senescing leaves Nishimura 1991, Pistelli et al. 1991) . These results suggest that the micro-ICL MS Fig. 7 Changes in levels of mRNAs for ICL and MS during senescence in vitro. An aliquot of 0.33% of the total RNA from ten cotyledon halves, which were treated as shown Figure 3 , was blotted on a nylon membrane. Then the membrane was allowed to hybridize with the DIG-labeled RNA probe for ICL and MS. body transition seems to be a reversible process between glyoxysomes and leaf peroxisomes. Further studies on the regulation of gene expression and degradation of glyoxysomal and leaf-peroxisomal enzymes will help to explain the reversibility of the microbody transition at the molecular level.
